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FIG. 11B

FIG. 11A
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LIGHT EMITTING HETEROSTRUCTURE
WITH PARTIALLY RELAXED
SEMICONDUCTOR LAYER

REFERENCE TO RELATED APPLICATIONS

The current application 1s a continuation of U.S. patent
application Ser. No. 15/387,575, filed on 21 Dec. 2016,
which 1s a continuation-in-part of U.S. patent application
Ser. No. 15/096,802, filed on 12 Apr. 2016, which 1s a
continuation of U.S. patent application Ser. No. 14/150,930,
filed on 9 Jan. 2014, now U.S. Pat. No. 9,312,428, which
claims the benefit of U.S. Provisional Application No.
61/750,432, filed on 9 Jan. 2013, each of which 1s hereby
incorporated by reference in their entirety to provide conti-

nuity of disclosure. Aspects of the mvention are related to
U.S. patent application Ser. No. 13/692,191, filed on 3 Dec.

2012, now U.S. Pat. No. 9,831,382, which 1s hereby incor-
porated by reference.

TECHNICAL FIELD

The disclosure relates generally to light emitting hetero-
structures, and more particularly, to inclusion of one or more
partially relaxed semiconductor layers in a light emitting
heterostructure.

BACKGROUND ART

For light emitting devices, such as light emitting diodes
(LEDs) and especially deep ultraviolet LEDs (DUV LEDs),
mimmizing a dislocation density and a number of cracks in
the semiconductor layers increases the efliciency of the
device. To this extent, several approaches have sought to
ogrow low-defect semiconductor layers on patterned sub-
strates. These approaches typically rely on reducing stresses
present 1n epitaxially grown semiconductor layers.

For example, one approach to reduce stress accumulation
in an epitaxially grown layer relies on patterning the under-
lying substrate using microchannel epitaxy (MCE). Using
MCE, a narrow channel 1s used as a nucleation center
containing low defect information from the substrate. An
opening 1n a mask acts as a microchannel, which transfers
crystal information to the overgrown layer, while the mask
prevents dislocations from transierring to the overgrown
layer.

Other approaches rely on epitaxially growing a group 111
nitride based semiconductor superlattice. The superlattice
structure mitigates the strain difference between an alumi-
num nitride (AlN)/sapphire template and the subsequent
thick Al Ga,_N (where O=x=<1) layers. For devices such as
DUV LEDs, thick AlGaN epitaxial layers (e.g., of the order
of a few micrometers) are desirable to reduce current crowd-
ing. Using a superlattice approach, an AIN/AlGaN superla-
ttice was grown to reduce biaxial tensile strain and a
3.0-um-thick Al, ,Ga, (N was grown on sapphire without
any cracks. Similarly, a superlattice structure shown in FIG.
1A can comprise a periodic structure with each element
2A-2D composed of alternating sublayers of semiconductor
materials with diflerent polarizations and different accumu-
lated stresses in the sublayers. Such a superlattice can be
used to minimize the dislocation density due to varying
stresses 1n the sublayers of the superlattice elements.

While the superlattice approaches allow some control of
tensile and compressive stresses 1n epitaxially grown nitride
semiconductor layers, the approaches do not enable epitaxial
growth of mitride based semiconductor layers with umiform

5

10

15

20

25

30

35

40

45

50

55

60

65

2

composition. To grow such layers, variation of nitrogen and
aluminum vacancies has been explored. For example, a

migration enhanced metalorganic chemical vapor deposition
epitaxial growth technique (with an NH, pulse-flow) can be
used to grow high-quality AIN layers. Vanation of growth
modes can be used to reduce threading dislocations. Addi-
tionally, FIGS. 1B and 1C illustrate another approach for
fabricating AIN multilayer buflers according to the prior art.
In this case, a pulsing NH, gas tlow rate 1s used to control
crack propagation and threading dislocations in the semi-
conductor layers. FIG. 1B shows the gas flow sequence used
for NH, pulse-flow growth, while FIG. 1C shows a sche-
matic structure of the AIN bufler. In a first step, an AIN
nucleation layer and an 1mitial AIN layer are deposited using
NH; pulse-flow growth. A low threading dislocation density
was achueved by a coalescence process of the AIN nucle-
ation layer. For example, as observed from a cross-sectional
transmission electron microscope (TEM) 1mage, edge-type
and screw-type dislocation densities of an AlGaN layer on
an AIN buffer layer were reported as 3.2x10° and 3.5x10°
cm™?, respectively.

In another approach disclosed 1n U.S. Pat. No. 8,080,833,
relaxation of some semiconductor layers has been proposed.
In particular, this approach seeks to relax the p-type contact
layer due to a high GalN content, and therefore a high lattice
mismatch. FIG. 1D shows the proposed schematics of the
layer, where defects 3A-3C are shown within the relaxed
p-type cap layer 4.

SUMMARY OF THE INVENTION

This Summary Of The Invention introduces a selection of
certain concepts in a brief form that are further described
below 1n the Detailed Description Of The Invention. It 1s not
intended to exclusively i1dentily key features or essential
teatures of the claimed subject matter set forth 1n the Claims,
nor 1s 1t mtended as an aid 1n determining the scope of the
claimed subject matter.

Aspects of the mvention provide a light emitting hetero-
structure 1ncluding a partially relaxed semiconductor layer.
The partially relaxed semiconductor layer can be included as
a sublayer of a contact semiconductor layer of the light
emitting heterostructure. A dislocation blocking structure
also can be included adjacent to the partially relaxed semi-
conductor layer. The heterostructure can result in fewer
defects present 1n a light generating structure of the hetero-
structure.

A first aspect of the invention provides a heterostructure
comprising: a light generating structure having a first side
and a second side; a n-type contact semiconductor layer
located on the first side of the light generating structure; and
a p-type contact semiconductor layer located on the second
side of the light generating structure, wherein at least one of
the contact semiconductor layers includes an embedded
partially relaxed sublayer.

A second aspect of the invention provides a device
comprising: a mesa structure including: a light generating
structure having a first side and a second side; a n-type
contact semiconductor layer located on the first side of the
light generating structure; and a p-type contact semiconduc-
tor layer located on the second side of the light generating
structure, wherein at least one of the contact semiconductor
layers includes an embedded partially relaxed sublayer.

A third aspect of the invention provides a method com-
prising: forming a heterostructure, the heterostructure com-
prising: a light generating structure having a first side and a
second side; a n-type contact semiconductor layer located on
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the first side of the light generating structure; and a p-type
contact semiconductor layer located on the second side of
the light generating structure, wherein at least one of the
contact semiconductor layers includes an embedded par-
tially relaxed sublayer.

A fourth aspect of the invention provides a heterostruc-
ture, comprising: a light generating structure having a first
side and a second side; a n-type contact semiconductor layer
located on the first side of the light generating structure; a
p-type contact semiconductor layer located on the second
side of the light generating structure, wherein at least one of
the contact semiconductor layers includes an embedded
partially relaxed sublayer; and a dislocation blocking struc-
ture located between the partially relaxed sublayer and the
light generating structure, wherein the dislocation blocking
structure 1ncludes a plurality of tensile sublayers alternating
with a plurality of compressive sublayers, wherein one or
more of the sublayers 1s partially relaxed.

A fifth aspect of the invention provides device compris-
ing: a substrate; a bufler layer adjacent to the substrate; a
mesa structure over the bufler layer, the mesa structure
including: a light generating structure having a first side and
a second side, wherein the substrate 1s transparent to light
generated by the light generating structure; a n-type contact
semiconductor layer located on the first side of the light
generating structure; and a p-type contact semiconductor
layer located on the second side of the light generating
structure, wherein at least one of the contact semiconductor
layers includes an embedded partially relaxed sublayer, and
wherein at least one of the contact semiconductor layers 1s
located between the light generating structure and the builer
layer; and a dislocation blocking structure located between
the partially relaxed sublayer and the light generating struc-
ture, wherein the dislocation blocking structure includes a
plurality of tensile sublayers alternating with a plurality of
compressive sublayers, wherein one or more of the sublay-
ers 1s partially relaxed.

A sixth aspect of the invention provides a heterostructure,
comprising: a light generating structure having a first side
and a second side; a n-type contact semiconductor layer
located on the first side of the light generating structure; and
a p-type contact semiconductor layer located on the second
side of the light generating structure, wherein at least one of
the contact semiconductor layers includes a partially relaxed
sublayer having a plurality of modulated regions disposed 1n
a lateral direction.

The 1llustrative aspects of the mvention are designed to

solve one or more of the problems herein described and/or
one or more other problems not discussed.

BRIEF DESCRIPTION OF THE DRAWINGS

These and other features of the disclosure will be more
readily understood from the following detailed description
ol the various aspects of the invention taken in conjunction
with the accompanying drawings that depict various aspects
of the invention.

FIGS. 1A-1D show approaches for reducing dislocation
density according to the prior art.

FIG. 2 shows illustrative plots of the lattice constants a
and ¢ as a function of the V/III ratio for a group III nitride
layer according to an embodiment.

FIG. 3 shows illustrative plots of stress and strain as a
function of the V/III ratio for a group III nitride layer
according to an embodiment.
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FIG. 4 shows 1llustrative plots of predicted critical thick-
ness and pseudomorphic strain of a layer grown on an AIN
bufler as a function of aluminum concentration 1n the layer
according to the prior art.

FIG. 5 shows a schematic of an illustrative light emitting
heterostructure according to an embodiment.

FIG. 6 shows a schematic of an illustrative light emitting
device including an alternative light emitting heterostructure
according to an embodiment.

FIGS. 7A and 7B show schematics of an 1llustrative light
emitting device including an alternative light emitting het-
erostructure according to another embodiment.

FIG. 8 shows a schematic structure of an 1llustrative light
emitting heterostructure according to an embodiment.

FIG. 9 shows a schematic illustration of the dislocation
blocking according to an embodiment.

FIGS. 10A and 10B show schematics of 1llustrative dis-
location blocking structures according to embodiments.

FIGS. 11A and 11B show 1llustrative patterns of a surface
of a compressive layer with a tensile layer grown thereon
according to embodiments.

FIGS. 12A and 12B show illustrative patterning arrange-
ments according to embodiments.

FIGS. 13A and 13B illustrate lattice mismatch between
two lattices according to an embodiment.

FIG. 14 shows an illustrative structure including N
pseudomorphically grown semiconductor layers having dif-
ferent lattice constants according to an embodiment.

FIG. 15 shows a schematic structure of an illustrative light
emitting heterostructure according to an embodiment.

FIG. 16 shows an 1llustrative flow diagram for fabricating
a circuit according to an embodiment.

It 1s noted that the drawings may not be to scale. The
drawings are intended to depict only typical aspects of the
invention, and therefore should not be considered as limiting

the scope of the invention. In the drawings, like numbering
represents like elements between the drawings.

DETAILED DESCRIPTION OF TH.
INVENTION

L1l

As 1ndicated above, aspects of the invention provide a
light emitting heterostructure including a partially relaxed
semiconductor layer. The partially relaxed semiconductor
layer can be included as a sublayer of a contact semicon-
ductor layer of the light emitting heterostructure. A dislo-
cation blocking structure also can be included adjacent to the
partially relaxed semiconductor layer. The heterostructure
can result 1n fewer defects, such as cracks and threading
dislocations, present in a light generating structure of the
heterostructure. As used herein, unless otherwise noted, the
term “‘set” means one or more (1.e., at least one) and the
phrase “any solution” means any now known or later
developed solution. As also used herein, a material/structure
1s considered to be “reflective” to radiation of a particular
wavelength when the matenal/structure has a reflection
coellicient of at least thirty percent for the radiation of the
particular wavelength. In a more particular embodiment, a
highly reflective maternal/structure has a reflection coetli-
cient of at least eighty percent. Furthermore, a material/
structure 1s considered to be “transparent” to radiation of a
particular wavelength when the material/structure allows a
significant amount of the radiation to pass there through. In
an embodiment, the transparent structure 1s formed of a
material and has a thickness, which allows at least ten
percent of the radiation to pass there through.
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Aspects of the invention are directed to the growth of
semiconductor layers. In an embodiment, the semiconductor
layers are formed of elements selected from the group III-V
materials system. In a more particular embodiment, the
semiconductor layers are formed of group III nitride mate-
rials. Group IlII nitride materials comprise one or more group
I1I elements (e.g., boron (B), aluminum (Al), galllum (Ga),

and indium (In)) and mtrogen (IN), such that BwAlxGay-
InzN, where 0=W, X, Y, Z<1, and W+X+Y+Z7=1. Illustrative

group III nitride materials 111c1ude AIN, GaN, InN, BN,
AlGaN, AllnN, AIBN, AlGalnN, AlGaBN, AllnBN, and
AlGalnBN with any molar fraction of group III elements.

The layer(s) grown as described herein can be imple-
mented as part of any type of semiconductor device. In an
embodiment, the semiconductor device 1s an emitting
device. In a more particular embodiment, the emitting
device 1s configured to operate as a light emitting diode
(LED), such as a conventional or super luminescent LED.
Similarly, the emitting device can be configured to operate
as a laser, such as a laser diode (LD). In another embodi-
ment, the semiconductor device 1s configured to operate as
a photodetector, photomultiplier, and/or the like. Regardless,
clectromagnetic radiation emitted or detected by the device
can comprise a peak wavelength within any range of wave-
lengths, including visible light, ultraviolet radiation, deep
ultraviolet radiation, infrared light, and/or the like. In a more
specific embodiment, the device 1s a deep ultraviolet light
emitting diode (DUV LED). For such a device, the trans-
parency of the semiconductor layers to ultraviolet radiation
significantly affects the efliciency with which the device
operates. To this extent, stress relieving and/or dislocation
stopping layers as described herein can be Combmed with
high transparency layers to improve the overall ¢ 1c1ency of
the device, e.g., by reducing dislocations and improving
transmittance of the transparent semiconductor layers.

Aspects of the invention utilize an ability to selectively
grow a layer exhibiting either tensile or compressive
residual stress depending on the deposition conditions. For
example, a change 1n a set of the deposition conditions for
growing an aluminum nitride (AIN) epitaxial layer on a
foreign substrate can result in the layer exhibiting either
tensile or compressive residual stress. In an embodiment, the
set of deposition conditions includes a molar ratio of group
V precursors to group 111 precursors (V/III ratio), which can
be altered during the growth of a group I11-V semiconductor
layer. Control of the V/III ratio aflects an overall lattice
constant of the layer due to incorporation of localized point
defects through the layer.

Whether a layer experiences tensile or compressive stress
also can depend on the lattice constant of the layer as
compared with the lattice constant of each adjacent layer.
For example, a first AIN layer with a lattice constant of 3.110
Angstroms grown on a second AIN layer with a lattice
constant of 3.108 Angstroms experiences compressive
stresses, while the second AIN layer experiences tensile
stresses. To this extent, the V/III ratio, or another growth
characteristic of a semiconductor layer, may not determine
whether or not the layer experiences tensile or compressive
stress by 1tself. In contrast, the growth and/or lattice param-
cters of adjacent layer(s) may be required to evaluate the
stresses present 1n a given layer.

Unless specified otherwise, a “tensile layer” 1s a layer
experiencing tensile stress, and a “compressive layer” 1s a
layer experiencing compressive stress. Throughout the text,
these are also referred to as layers with tensile or compres-
s1ve stress correspondingly. Additionally, a layer may expe-
rience compressive stress at one region (e.g., the bottom) of
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the layer and tensile stress at another region (e.g., the top) of
the layer. In this case, such a layer 1s referred as a “mixed
stress layer.” In general, a “mixed stress layer” 1s a layer
where a sign of the stress changes throughout the layer, in
different portions of the layer, and/or the like. It 1s under-
stood that while a target compressive stress 1s primarily used
to describe 1llustrative aspects of the invention, 1t 1s under-
stood that the target stress can be tensile.

Additional aspects of the invention are shown and
described with respect to a default AIN layer grown with a
V/1II ratio of 1750. Such a layer comprises a lattice constant
a of approximately 3.112 Angstroms and a lattice constant ¢
of approximately 4.982 Angstroms (A). To this extent, FIG.
2 shows 1llustrative plots of the lattice constants a and c as
a function of the V/III ratio for a group III nitride layer
according to an embodiment. The different lattice constants
can result in the layer exerting different tensile and com-
pressive properties when grown adjacent to the default AIN
layer. For example, for a group III mitride layer grown using
a low V/III ratio (e.g., less than approximately 1730), the
lattice constant a for the group III nitride layer is slightly
larger than the lattice constant a for the default AIN layer.
The difference 1n the lattice constants a results in the group
III mitride layer exerting tensile stresses on the adjacent
default AIN layer. For a group III nitride layer grown using
a high V/I1I ratio (e.g., greater than approximately 1750), the
lattice constant a for the group III nitride layer 1s slightly
smaller than the lattice constant a for the default AIN laver,
which results 1n compressive stresses being exerted by the
group III nitride layer on the adjacent default AIN layer.
Similarly, the influence of the V/III ratio on the lattice
constant ¢ 1s i1llustrated. Only small values of the V/III ratio
result 1n a significant reduction of the lattice constant c.

FIG. 3 shows illustrative plots of stress and strain as a
function of the V/III ratio for a group III nitride layer
according to an embodiment. The point of zero strain 1s
chosen to coincide with the default AIN layer having a lattice
constant a of 3.112 A, which is presumed to be adjacent to
the group III nitride layer. All the strains and stresses shown
in FIG. 3 are calculated relative to this growth condition. As
illustrated, the strain and tensile stresses exerted on the
default AIN layer by the group III nitride layer reduce as the
V/1II ratio 1s increased, eventually switching from tensile to
compressive stress. To this extent, a group III nitride layer
grown adjacent to the default AIN layer under a low V/III
ratio (e.g., less than approximately 1730) 1s in compressive
stress, while a group III nitride layer grown adjacent to the
default AIN layer with a high V/III ratio (e.g., above
approximately 1750) 1s 1n tensile stress. As further 1llus-
trated, only small changes 1n the strain of the AIN layer are
produced by modulating the V/III ratio.

As used herein, a semiconductor layer 1s strained when a
lattice constant (typically the in plane lattice constant a) for
the semiconductor material forming the semiconductor layer
differs from a lattice constant for the same semiconductor
maternial that 1s experiencing no compressive, tensile, or
shear forces. Strain values can be as little as a few hundredth
of a percent and already produce high stresses i1n the
semiconductor layer. The unstrained semiconductor material
1s defined as fully relaxed. Typically, semiconductor layers
are epitaxially grown over a substrate or over other semi-
conductor layers, which may or may not have the same
lattice constant as the epitaxially grown layer subject to
semiconductor layer composition and growth condition. A
semiconductor layer 1s said to be grown pseudomorphically
when 1ts lattice constant 1s the same as the lattice constant of
the underlying semiconductor layer. For a semiconductor
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layer under stress, 1t can be energetically favorable to
develop dislocation(s) that can partially relax the layer and
reduce stresses 1n the layer. The development of dislocations
to reduce stresses in the layer 1s defined as relaxation
process. As used herein, a layer 1s partially relaxed when the
stresses 1n the layer are reduced by a few hundredth of a
percent due to relaxation process. It 1s understood that the
relaxation of a semiconductor layer can be continuous
throughout the layer. For example, the layer may not be
relaxed at one side and partially relaxed at the other side due
to presence of dislocations in the layer. In this case, the
lattice constant may change through the layer thickness.
Depending on the growth conditions and neighboring layer,
the layer can be fully relaxed at one side.

Partial relaxation 1n a semiconductor layer also can be
induced when a thickness of the semiconductor layer
exceeds a critical thickness where strain relaxation begins
through nucleation and/or motion of threading dislocations.
In general, a semiconductor film having a large lattice
mismatch, where the lattice mismatch 1s defined as (a,—a_)/
a_, where a,—is the lattice constant of the underlying
semiconductor layer and a_—1is the lattice constant of the
epitaxially grown layer with an underlying semiconductor
layer, will exhibit relaxation at a thickness greater than tens
of nanometers. A predicted critical thickness can be calcu-
lated using any solution. For example, FIG. 4 shows 1llus-
trative plots of predicted critical thickness and pseudomor-
phic strain of a layer grown on an AIN buifler as a function
of aluminum concentration i1n the layer according to the
prior art. The predictions are based on the Matthews-
Blakeslee theory, according to which a layer starts to par-
tially relax as a thickness of the layer 1s increased beyond a
critical thickness predicted by the theory. Frequently, the
Matthews-Blakeslee theory results 1n a low estimate, and the
relaxation only happens for layers that are substantially
thicker than the one predicted by the theory.

FIG. 5 shows a schematic of an illustrative light emitting
heterostructure 12A according to an embodiment. The light
emitting heterostructure 12A includes a light generating
structure 14, an adjacent p-type dislocation blocking struc-
ture 16A, and a partially relaxed p-type contact semicon-
ductor layer 18, which 1n an embodiment can be a carbon
doped layer. FIG. 6 shows a schematic of an illustrative light
emitting device 10 including an alternative light emitting
heterostructure 12B according to an embodiment. In this
case, the light emitting heterostructure 12B includes a light
generating structure 14, an adjacent n-type dislocation
blocking structure 16B, and a n-type contact semiconductor
layer 22B. In the light emitting heterostructure 12A, the
dislocation blocking structure 16A can be configured to
prevent dislocations present in the partially relaxed contact
semiconductor layer 18 from propagating into the light
generating structure 14. Similarly, in the light emitting
heterostructure 12B, the dislocation blocking structure 16B
can be configured to prevent dislocations present in the
n-type contact semiconductor layer 22B from propagating
into the light generating structure 14.

In each case, the light generating structure 14 can be
formed using any solution, e.g., a series of alternating
quantum wells and barriers. Furthermore, the dislocation
blocking structure 16A, 16B can include a plurality of
semiconductor layers formed using a set of epitaxial growth
periods. During each epitaxial growth period, a first semi-
conductor layer having one of: a tensile stress or a com-
pressive stress 1s grown followed by growth of a second
semiconductor layer having the other of: the tensile stress or
the compressive stress directly on the first semiconductor
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layer. While not shown for clarity, it 1s understood that an
embodiment can include a light generating structure 14 with
both p-type and n-type dislocation blocking structures 16 A,
16B located on opposing sides of the light generating
structure 14.

Returning to FIG. 5, in an embodiment, the partially
relaxed p-type layer 18 1s formed using a three-dimensional
growth technique, which can {facilitate the formation of
dislocations, e.g., due to a large lattice mismatch between
the material of the partially relaxed p-type contact semicon-
ductor layer 18 and the layers of the dislocation blocking
structure 16A. For example, the partially relaxed p-type
contact semiconductor layer 18 can be grown using a set of
growth conditions that result 1n an initial formation of
islands of the material for the partially relaxed p-type
contact semiconductor layer 18 at the interface 20. Illustra-
tive growth conditions to induce formation of the islands
include a high growth temperature, a high growth rate,
and/or the like. During subsequent growth of the partially
relaxed p-type contact semiconductor layer 18, the i1slands
coalesce and form a dislocation rich layer 18 with disloca-
tions present at the i1sland boundarnies. Furthermore, the
partially relaxed p-type contact semiconductor layer 18 can
be grown to a thickness greater than a thickness predicted by
the Matthews-Blakeslee theory to further relax the layer 18.

Returning to FIG. 6, the light emitting heterostructure
12B 1s shown included 1n a mesa structure, which 1s located
over a structure including a substrate 24 which can be
transparent to light, a bufler layer 26, and an n-type layer
22A. Additionally, the mesa structure 1s shown 1ncluding a
p-type contact semiconductor layer 28 located above the
light emitting heterostructure 12B. The device 10 also
includes n-type metal contacts 30 to the n-type layer 22A
and a p-type metal contact 32 to the p-type contact semi-
conductor layer 28. Each of the various components of the
device 10 can be formed using any solution. In an embodi-
ment, the metal contacts 30, 32 have a reflectivity of at least
fifty percent to radiation emitted by the light emitting
heterostructure 12B normal to a surface of the metal contact
30, 32. In an embodiment, the p-type contact semiconductor
layer 28 1s transparent to the radiation emitted by the light
emitting heterostructure 12B. It 1s understood that the light
emitting heterostructure 12A (FIG. 5) can be included 1n a
mesa structure of a light emitting device configured similar
to the light emitting device 10.

In another embodiment, the light emitting heterostructure
12B can also include a n-type semiconductor layer disposed
between the light generating structure 14 and the dislocation
blocking structure 16B. For example, the n-type semicon-
ductor layer can include a n-type Al Ga,_ N layer with x
being 1n the range of 0.1-0.9. In an embodiment, the n-type
semiconductor layer can include a plurality of interlayers.
For example, the n-type semiconductor layer can include a
n-type Al Ga,_N layer with interlayers, where the interlay-
ers can have Al Ga, N mterlayers with y=x, by at least
10%. In an embodiment, the thickness of each interlayer can
be at most 10% of the thickness of the n-type semiconductor
layer disposed between the light generating structure 14 and
the dislocation blocking structure 16B. In one embodiment,
the number of interlayers can be chosen to avoid tensile
stresses within the n-type layer 22B (e.g., a cladding layer).

FIGS. 7A and 7B show schematics of an 1llustrative light
emitting device 15 including an alternative light emitting
heterostructure 12C according to another embodiment. The
light emitting device 15 of FIGS. 7TA-7B 1s similar to the
light emitting device of 10 of FIG. 6, except that 1n the light
emitting heterostructure 12C of the light emitting device 15,
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the n-type contact semiconductor layer 22B and the n-type
layer 22 A contain the partially relaxed sublayer as indicated
in FIG. 7A by a domain 71. It 1s understood that the domain
71 for the partially relaxed sublayer does not necessarily
have to extend into both the n-type layer 22 A and the n-type
contact semiconductor layer 22B, and thus, 1s not meant to
limit the embodiment described herein with respect to FIG.
TA.

Furthermore, even though the embodiment of FIGS.
7A-TB 1s described with regard to having the partially
relaxed sublayer 1n the n-type contact semiconductor layer
22B, 1t 1s understood that the embodiment 1s suitable for use
in instances where the partially relaxed sublayer 1s disposed
as a domain within the p-type contact semiconductor layer
28. Thus, the details of the partially relaxed sublayer as
described herein with respect to the n-type layer 22A and the
n-type contact semiconductor layer 22B 1s also applicable to
the p-type contact semiconductor layer 28. Furthermore,
those skilled in the art will appreciate that both sides of the
light generating structure 14 can have a partially relaxed
sublayer 1n use as a domain with the n-type layer 22A, the
n-type contact semiconductor layer 22B and the p-type
contact semiconductor layer 28. Similarly, each side of the
light generating structure 14 that includes a partially relaxed
sublayer can have the dislocation blocking structure 16C
situated adjacent thereto. In another embodiment, the dislo-
cation blocking structure 16B described with respect to FIG.
6 can be used as an alternative to the dislocation blocking
structure 16C. In some embodiments, it 1s possible to use
combinations of both the dislocation blocking structure 168
and the dislocation blocking structure 16C within the light
emitting device 15.

FIG. 7A shows that the partially relaxed sublayer within
the domain 71 can have a plurality of modulated regions 72
disposed 1n a lateral direction across the semiconductor layer
22B. The modulated regions 72 can include one or more of
compositional modulated regions, doping modulated
regions, and combinations of the compositional and doping,
modulated regions. As used herein, a compositional modu-
lated region means a region that contains a variation in
composition (which exceeds inherent variations present due
to limits of fabrication) 1n the lateral and/or along a direction
of growth. In one embodiment, a partially relaxed sublayer
with compositional modulated regions that provides lateral
compositional variation 1n the sublayer can lead to a varia-
tion 1n bandgap that 1s at least thermal energy. A doping
modulated region means a region that contains a variation in
dopant density (which exceeds inherent variations present
due to limits of fabrication). Such vanation can be both
lateral and/or along the direction of growth. Doping modu-
lation can be further employed to aflect local changes 1n the
lattice constant of the semiconductor layer, leading to local
modulation of a stress within a layer. In one embodiment, a
partially relaxed sublayer with doping modulated regions of
at least 50% can provide lateral modulation 1n doping
variation in the sublayer.

The maternial that can be used for the modulated regions
72 can be selected from a variety of materials. For example,
the material for the modulated regions can include, but 1s not
limited to, a group III nitride semiconductor material, such
as AlGaN, having a diflerent composition than the semicon-
ductor material surrounding the region 72. In an alternative
embodiment, the material can comprise a dielectric, such as
S10,, Al,O,, CaF,, MgF, and/or the like.

In one embodiment, the compositional modulated regions
and/or the doping modulated regions can vary across the
lateral direction of the partially relaxed sublayer resulting 1n
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lateral stress modulation within the sublayer. It 1s understood
that such variations within the partially relaxed sublayer 1s
not meant to be limited to any particular pattern. Those
skilled in the art will readily appreciate that there are a
multitude of various implementations that are possible for
disposing these regions within the partially relaxed sublayer.
In addition, it 1s within the purview of those skilled 1n the art
to select the desired amounts of composition and/or doping
for those compositional modulated regions and/or doping
modulated regions used with the partially relaxed sublayer
to result 1n a particular stress within the layer. The stress can
be inferred, for example, using XRD measurements. In
general, the particular composition and/or doping pattern of
the sublayer can be tailored for a particular sublayer within
a structure of a particular light emitting device.

Another difference between the light emitting heterostruc-
ture 12C of the light emitting device 135 of FIGS. 7A-7B and
the light emitting heterostructure 12B of the light emitting
device 10 of FIG. 6 1s the dislocation blocking structure. In
particular, the light emitting heterostructure 12C 1ncludes a
dislocation blocking structure 16C with a plurality of sepa-
rate dislocation blocking regions 73 that can extend in a
lateral direction across the dislocation blocking structure
16C. As used herein, a dislocation blocking structure 1s a
semiconductor structure (e.g., one or more layers or regions
of a layer) configured to prevent dislocations present in the
underlying semiconductor layer from propagating into the
semiconductor layers above the dislocation blocking struc-
ture. The dislocation blocking structure can include a plu-
rality of semiconductor layers formed using a set of epitaxial
growth periods. During each epitaxial growth period, a first
semiconductor layer having one of: a tensile stress or a
compressive stress 1s grown followed by growth of a second
semiconductor layer having the other of: the tensile stress or
the compressive stress directly on the first semiconductor
layer.

The matenial that can be used for the dislocation blocking
regions 73 can be selected from a variety of materials. For
example, the material for the dislocation blocking regions 73
can include, but 1s not limited to, a semiconductor structure
comprising a superlattice of Al Ga, N/Al Ga, N layers,
and/or a semiconductor structure comprising layers of a
group III/V matenal grown using different V/III ratios.

Each of the dislocation blocking regions 73 can contain
variations 1n one ol composition or doping, and as a result
stress. In one embodiment, a dislocation blocking structure
16C with dislocation blocking regions that provides lateral
compositional variation in the structure 16C can lead to a
variation in bandgap that i1s at least thermal energy. It 1s
understood that variations 1n composition and doping of the
dislocation blocking regions 73 can be achieved by conven-
tional techniques. Having these dislocation blocking regions
73 vary 1n composition and/or doping, and as a result, stress,
enables the dislocation blocking structure 16C to aflect the
dislocation propagation throughout the layer, e.g., due to
dislocation bending and dislocation annihilation.

The types of regions (1.e., dislocation blocking regions
with variation in composition, dislocation blocking regions
with vanation in doping, and dislocation blocking regions
with variation 1n both composition and doping) that are used
for the dislocation blocking regions 73 can vary across the
lateral direction of the dislocation blocking structure 16C. It
1s understood that the types of dislocation blocking regions
used 1n the dislocation blocking structure 16C 1s not meant
to be limited to any particular pattern. Those skilled 1n the
art will readily appreciate that various implementations exist
for disposing these regions within the dislocation blocking
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structure 16C. In addition, 1t 1s within the purview of those
skilled 1n the art to select the desired amounts of composi-
tion and/or doping, and as a result stress, and variations
thereof, that are suitable for use with the dislocation block-
ing regions. Generally, the amounts of composition, doping
and resulting stress, and variations thereof that are specified
for the dislocation blocking regions can depend on the light
emitting device 15 and 1ts application.

Having the light emitting heterostructure 12C with modu-
lated regions 72 1n the partially relaxed sublayer and the
dislocation blocking regions 73 in the dislocation blocking
structure 16C provides, for example, a reduction of dislo-
cations 1n the active layer of the device.

The variations of the compositional modulated regions
used for the modulated regions 72 and the vanations of the
composition of the dislocation blocking regions 16C can
obtained by patterning, overgrowth or through choosing a
three-dimensional growth approach. For example, the pat-
terming of the partially relaxed sublayer can be combined
with subsequent overgrowth of the patterned semiconductor
layer with a composition that 1s different from the patterned
partially relaxed layer. Alternatively, a mask can be applied
on the semiconductor layer (e.g., the semiconductor layer
22B), followed by mask patterning, and an epitaxial growth
process. For the dislocation blocking regions 73, the pat-
terming and masking approach can be utilized as well.
Forming the modulated regions 72 in the partially relaxed
sublayer and the dislocation blocking regions 73 in the
dislocation blocking structure 16C 1n this manner can lead to
the partially relaxed sublayer and the dislocation blocking
structure having a lateral modulation of stress.

In one embodiment, as shown 1n FIG. 7A, the modulated
regions 72 1n the partially relaxed sublayer and the disloca-
tion blocking regions 73 1n the dislocation blocking structure
16C can be formed such that the modulated regions 72 1n the
partially relaxed sublayer are laterally shifted relative to the
laterally dislocation blocking regions 73 within the disloca-
tion blocking structure 16C. In this manner, a lateral oflset
can be imposed between the modulated regions 72 and the
dislocation blocking regions 73. It 1s understood that the
modulated regions 72 1n the partially relaxed sublayer and
the dislocation blocking regions 73 1n the dislocation block-
ing structure 16C can be disposed in accordance with other
arrangements. For example, some of the modulated regions
72 1n the partially relaxed sublayer can be offset from the
dislocation blocking regions 73 in the dislocation blocking
structure 16C, while other modulated regions 72 in the
partially relaxed sublayer can be aligned with other dislo-
cation blocking regions 73 1n the dislocation blocking struc-
ture 16C. In another example, a set of modulated regions 72
in the partially relaxed sublayer can be oflset from a set of
dislocation blocking regions 73 in the dislocation blocking
structure 16C.

FIG. 7B, which shows a top view of the light emitting
heterostructure 12C of the light emitting device 15, provides
a more detailed view of the offset that can exist between the
modulated regions 72 and the dislocation blocking regions
73. In particular, FIG. 7B shows the variations between the
laterally disposed modulated regions 72 (e.g., composition
and/or doping modulated regions) 1n the partially relaxed
layer with the dislocation blocking regions 73 can be later-
ally shifted in a random manner.

It 1s further understood that the laterally disposed modu-
lated regions 72 in the partially relaxed layer and the
dislocation blocking regions 73 in the dislocation blocking
structure 16C can comprise periodic structures and have a
clearly defined lateral shift. In particular, the lateral vana-
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tions of the modulated regions 72 in the partially relaxed
layer can comprise a first lattice structure, while the lateral
variations of the dislocation blocking regions 73 in the
dislocation blocking structure 16C can comprise a second
lattice structure.

FIG. 8 shows a schematic structure of an 1llustrative light
emitting heterostructure 12C, which can be implemented as
a mesa structure of a device 10 (FIGS. 6 and 7A-7TB),
according to an embodiment. The heterostructure 12C
includes an n-type contact semiconductor layer 22 adjacent
to a first side of the light generating structure 14 and a p-type
contact semiconductor layer 28 located on an opposing side
of the light generating structure 14. A partially relaxed
p-type contact semiconductor layer 18 and a dislocation
blocking structure 16C are shown embedded 1n the p-type
contact semiconductor layer 28. An electron blocking layer
29 1s shown immediately adjacent to the light generating
structure 14. In an embodiment, these layers are formed
using epitaxial growth of semiconductor layers by varying
growth conditions of such layers.

As described herein, the dislocation blocking structure
includes alternating compressive and tensile layers, which
can be obtained by varying the growth mode of the layers
and/or the composition of the layers. Furthermore, similar to
the partially relaxed contact semiconductor layer 18, one or
more of the sublayers of a dislocation blocking structure can
be partially relaxed. Partial relaxation can be measured in
terms of lattice mismatch of the sublayer and the adjacent
semiconductor layer. In a more particular embodiment, the
light emitting device 10 and the light emitting heterostruc-
tures described herein comprise group III mitride based
heterostructures. In this case, the partially relaxed layer 18
can comprise a gallium nitride (GalN) rich semiconductor
layer. Partial relaxation of the layer 18 can be obtained via
a lattice mismatch of at least a few tenths of a percent
between the material of the layer 18 and the underlying
layer, such as a top sublayer of an adjacent dislocation
stopping layer. In a more particular embodiment, the lattice
mismatch 1s at least one percent. A partially relaxed sublayer
of a dislocation blocking structure can be obtained by having
an aluminum molar content of the partially relaxed sublayer
different from that of the adjacent semiconductor layer.

Additionally, the light generating structure 14 can com-
prise an active layer of alternating barriers and quantum
wells comprising, for instance, an Al Ga,_N alloy, with
composition of aluminum x 1n the barriers and quantum
wells being selected depending on the target emitting wave-
length for the light generating structure 14. For an ultraviolet
light emitting device 10, the composition of aluminum 1n the
barrier may be typically around 0.3-0.6 while the composi-
tion of aluminum 1n quantum wells may be typically 0.1-0.5.
The electron blocking layer 29 typically can have a large
(e.g., above 0.5) fraction of aluminum, whereas the dislo-
cation blocking structure 16C can have a substantially lower
aluminum molar fraction of about 0.3. Furthermore, 1n an
embodiment, the dislocation blocking structure 16C can
have a graded composition of aluminum with the molar
fraction changing from the one of the electron blocking layer
29 to the one of the p-type partially relaxed layer 18. The
n-type contact semiconductor layer 22 typically can have an
aluminum molar fraction 1n the range of 0.3-0.6, depending
on the requirements for the wavelength emitted by the
device 10.

The substrate 24 can comprise any type of substrate 24. In
an embodiment, the substrate 1s an insulating material, such
as sapphire or silicon carbide (S1C). However, the substrate
can comprise any suitable material, such as silicon (S1), a




US 10,497,824 B2

13

nitride substrate (e.g., AIN, GaN, BN, AlGaN, and/or the
like), an oxide substrate (e.g., aluminum oxynitride, zinc
oxide (ZnQ), lithum gallate (L1GaO,), lithium aluminate
(L1AlO,), magnestum aluminate (MgAl,O,), scandium
magnesium aluminum oxide (ScMgAIQ,), and/or the like),
and/or other related matenals. The bufler layer 26 can
provide a transition to accommodate a large lattice mismatch
between the substrate 12 and the subsequent semiconductor
layers. In an embodiment, the bufler layer 26 can comprise
an Al Ga, N superlattice, where O=x, y=<l. Each superlat-
tice layer can be, for example, up to several nanometers
thick. In an embodiment, the layers with differing aluminum
content (e.g., denoted by x and y) can have similar thick-
nesses. In an illustrative embodiment, the builer layer 26 has
a thickness 1n a range from nearly zero nanometers to
approximately 2000 nanometers. In another embodiment,
growth of the bufler layer 26 uses a growth temperature
between approximately 300 and approximately 1200
degrees Celsius and a growth rate between approximately
0.01 micrometers and approximately 10 micrometers per
hour.

As described herein, the dislocation blocking structures
16A, 168 can be configured to prevent the propagation of
dislocations into the light generating structure 14. To this
extent, FIG. 9 shows a schematic 1llustration of the dislo-
cation blocking according to an embodiment. In particular,
the dislocation blocking structure 16A 1s shown located
between the p-type contact semiconductor layer 18 and the
light generating structure 14, which 1s located directly above
an n-type contact semiconductor layer 22. As illustrated, the
p-type contact semiconductor layer 18 can include various
dislocations, e.g., as a result of lattice mismatch and/or a
growth process utilized as described herein. However, the
dislocation blocking structure 16 A causes these dislocations
to turn and annihilate and/or propagate to an edge prior to
reaching the light generating structure 14 due to a disloca-

tion bending mechanism of the dislocation blocking struc-
ture 16A.

FIGS. 10A and 10B show schematics of illustrative dis-
location blocking structures 116A, 116B according to
embodiments. Each dislocation blocking structure 116A.,
116B 1s formed of a plurality of compressive layers 134 A-
134C alternating with a plurality of tensile layers 136A-
136C. In the structure 116A, a compressive layer 134A 1s
first grown, while 1n the structure 116B, a tensile layer 136 A
1s first grown. While each dislocation blocking structure
116 A, 116B 1s shown including three periods of epitaxial
growth (e.g., each period including a compressive and a
tensile layer), 1t 1s understood that a dislocation blocking
structure can include any number of periods. In an embodi-
ment, the stress changes abruptly between a compressive
layer and the adjacent tensile layer. Alternatively, the stress
can gradually change between adjacent layers (e.g., by
growing layers having a graded tensile or compressive
stress). Furthermore, the tensile and compressive stresses
can be substantially constant between periods of the dislo-
cation blocking structures 116A, 116B or can gradually
change from period to period.

The growth of a dislocation blocking structure 116A,
116B, and the growth of the corresponding layers 134 A-
134C, 136A-136C forming the dislocation blocking struc-
ture 116A, 116B, can use any set of deposition conditions.
For example, the set of deposition conditions for a layer
134A-134C, 136 A-136C can include: a group Il precursor
flow rate between approximately 0.1 and approximately 200
micromoles per minute; a nitrogen precursor flow rate
between approximately 100 and 10000 standard cubic cen-
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timeters per minute (SCCM); a pressure between approxi-
mately 1 and 760 Torr; a molar ratio of group V precursors
to group III precursors (V/III ratio) between approximately
10 and approximately 1000; and a growth temperature
between approximately 300 and approximately 1800
degrees Celsius. Furthermore, a layer 134A-134C, 136 A-
136C can be grown to a thickness that 1s greater than a
critical thickness to avoid pseudomorphic growth. In an
embodiment, each layer 134A-134C, 136A-136C has a
thickness between approximately one nanometer and five
micrometers.

As described herein, during the growth of a dislocation
blocking structure 116A, 116B, one or more of a set of the
deposition conditions for epitaxially growing a layer 134 A -
134C, 136A-136C can be changed to cause the resulting
layer 134A-134C, 136A-136C to exhibit either tensile or
compressive residual stress. For example, the growth of a
compressive layer and the growth of a tensile layer can use
molar ratios of group V precursors to group III precursors
that differ by at least ten percent. In an embodiment, a
composition ol the compressive layer differs from a com-
position of the tensile layer by no more than approximately
five percent. For example, a fraction of aluminum in the
tensile layer can differ from a fraction of aluminum in the
compressive layer by no more than approximately five
percent. Sitmilarly, the compressive and tensile layers can
have a lattice mismatch of at least 0.01% (e.g., the lattice
constant of one layer can be diflerent from the lattice
constant of another layer by at least 0.0001 Angstroms).
Furthermore, a growth rate for the compressive and tensile
layers can be changed. In an embodiment, the growth rates
for the compressive and tensile layers difler by at least ten
percent. A growth temperature for the compressive and
tensile layers can be substantially the same or changed. In an
embodiment, the growth temperatures for the compressive
and tensile layers differ by at least two percent.

In an embodiment, a surface of one or more layers can be
patterned, which can be configured to provide an additional
relaxation mechanism for reducing cracks and/or threading
dislocations 1n a structure. For example, a surface of the
substrate 24 (FIGS. 6 and 7A-7B) and/or the bufler layer 26
(FIGS. 6 and 7A-7B) can be patterned, e.g., using etching,
masking, a combination of etching and masking, and/or the
like. A layer, such as the bufler layer 26 and/or any layer
located above the bufler layer, can be grown in multiple
steps, one or more of which can include patterning. Such
patterning can be achieved by etching and/or masking the
layer, masking and subsequent overgrowth, by producing
volds during overgrowth process, and/or the like. Regard-
less, the patterning can be configured to reduce an overall
stress accumulated 1n the corresponding layer structure.

Furthermore, one or more of the various layers in a
dislocation blocking structure described herein can be pat-
terned. For example, FIGS. 11A and 11B show illustrative
patterns of a surface of a compressive layer 134 with a
tensile layer 136 grown thereon according to embodiments.
In FIG. 11A, the surface of the compressive layer 134 is
patterned with a plurality of stripes 46 A-46C, while in FIG.
11B, the surface of the compressive layer 134 1s patterned
with a plurality of windows 48 A-48F. However, 1t 1s under-
stood that the stripe/window patterns are only illustrative of
various patterns that can be utilized. Furthermore, 1t 1s
understood that similar patterns can be formed on a surface

of a substrate 24 (FIGS. 6 and 7A-7B), a bufler layer 26
(FIGS. 6 and 7A-7B), and/or a tensile layer 136 prior to the
growth of a subsequent layer thereon. Regardless, each
pattern can produce an interface where the layers 134, 136
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have a common boundary in both a vertical direction of
growth and 1n a lateral direction of the layer.

When patterming 1s employed on the surfaces of multiple
layers, the relative positioning of the patterning elements
and/or the patterns can be varied for the surfaces of adjacent
patterned layers. For example, FIGS. 12A and 12B show
illustrative patterning arrangements according to embodi-
ments. In FIGS. 12A and 12B, an interface between a tensile
layer 136 A and a compressive layer 134 A has a first pattern
52A, and an interface between the compressive layer 134A
and a tensile layer 136B has a second pattern 52B. The
patterns 52A, 52B can be formed by a plurality of patterning,
clements, for example, a series of masked domains or voids
located at the respective interfaces. However, 1n the structure
50A, the patterning elements of the patterns 52A, 52B are
laterally offset from one another, thereby forming a vertical
checkerboard-like formation of the patterning elements. In
contrast, 1n the structure 50B, the patterning elements of the
patterns 52A, 52B are positioned at substantially the same
lateral locations.

As described herein, a dislocation blocking structure can
include one or more partially relaxed sublayers, which can
be obtained by having a lattice mismatch of at least one
percent between the partially relaxed sublayer and an adja-
cent semiconductor layer. FIGS. 13A and 13B illustrate
lattice mismatch between two lattices according to an
embodiment. FIG. 13 A shows relaxed lattices, where lattice
[L1A 1s an aluminum rich lattice and lattice L2A 1s a gallium
nitride rich lattice. Two lattice mismatched materials can be
pseudomorphically grown such that the resulting layers have
the same lattice constant. To this extent, FIG. 13B shows
pseudomorphically grown lattices L1B, L2B, where the
lattices L1B, .2B exhibait stress onto each other. The result-
ing lattice constant of the pseudomorphically grown lattices
[L1B, L2B, referred to herein as the eflective lattice constant,
1s different from the lattice constants for the relaxed lattices
L1A, L2A shown 1n FIG. 13A. As a result, each sublayer 1s
under tensile or compressive stress.

The eflective lattice constant can be estimated from a
condition of zero total stresses imposed on the system of
layers. For example, FIG. 14 shows an illustrative structure
61 including N pseudomorphically grown semiconductor
layers having diflerent lattice constants according to an
embodiment. In this case, the eflective lattice constant can
be calculated from a condition that all forces across any
cross plane must cancel, thus 2. F =0, F =0.h. W, W 1s a width
of the layer (as measured 1nto the page), h, 1s the height of
the layer, and o, 1s the biaxial stress. The biaxial stress can
be calculated as o=Meg, M =E/(1-v,), where E, 1s the
Young’s modulus of the i” layer, v, is the Poisson ratio of the

i”” layer, and €, is the strain of the i” layer. Using the balance
of forces, 2 F=0:

Z Mk
M;hi(a, — a;) '
Mk’

i
E =0->aq, =
, {i;
i
d;
i

where a_ 1s an ellective lattice constant of the system of
layers.

FI1G. 15 shows a schematic structure of an illustrative light
emitting heterostructure 12D, which can be implemented as
a mesa structure 1 a device 10 (FIG. 4), according to an
embodiment. In this case, the heterostructure 12D includes
a dislocation blocking structure 16D and a partially relaxed
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n-type contact semiconductor layer 22B embedded within
the n-type contact semiconductor layer 22A. In an embodi-
ment, a structure of the dislocation blocking structure 16D
1s selected such that the corresponding ellective lattice
constant for the dislocation blocking structure 16D corre-
sponds to the effective lattice constant of the light generating
structure 14 to within a few tenths of a percent. In a more
particular embodiment, a thickness and/or composition of
the sublayers of the dislocation blocking structure 16D are
adjusted to correspond to the eflective lattice constant of the
light generating structure 14 to within a few tenths of a
percent.

Additionally, the light generating heterostructure 12D 1s
shown 1ncluding a graded layer 60 located between the
dislocation blocking structure 16D and the light generating
structure 14. The graded layer 60 can be configured to
further reduce stresses 1in the light generating structure 14.
For example, the graded layer 60 can comprise a composi-
tion that varies from a composition of an adjacent layer, such
as the dislocation blocking structure 16D, located on one
side, to a composition of the light generating structure 14
located on the opposing side. The composition grading can
be linear or parabolic, with a grading gradient selected to
minimize stresses and/or maximize polarization doping.
While the graded layer 60 1s shown implemented on the
n-type side of the light generating structure 14, it 1s under-
stood that a graded layer can be 1included on the p-type side
of the light generating structure 14.

By combining variations of V/III ratio among layers and
variations 1 compositions, heterostructures can be grown
without changing the lattice constant. For example, by
adjusting the V/III ratio and/or growth temperature, an AIN
lattice constant can be varied between 3.108 A and 3.118 A.
Additionally, an AlGaNN layer having an Al content of 90%
(e.g., Al, ,;Ga, ,N) can have a relaxed lattice constant 01 3.12
A, which can be adjusted by adjusting the V/III ratio to
between 3.115 A and 3.125 A. As a result, an Al, ,Ga,, ,N/
AIN heterostructure having the same eflective lattice con-
stant (e.g., between 3.115 A and 3.118 A) but different
composition can be formed. Furthermore, the AlGaN lattice
constant can be graded belore deposition of a next AlGaN
layer having a lower aluminum content, etc. In general, the
V/1II ratio can be utilized to lower a gradient of the lattice
constant at a heterojunction or a graded junction as com-
pared to a gradient lattice constant that would otherwise be
obtained without utilizing variations in the V/III ratio during
the epitaxial growth. As used herein, a graded junction refers
to any graded layer that 1s inserted between two layers of
different composition where the composition of the graded
layer transitions from the first layer to the second layer.

It 1s understood that a device or a heterostructure used 1n
forming a device including a structure described herein can
be fabricated using any solution. For example, a device/
heterostructure can be manufactured by obtaining (e.g.,
forming, preparing, acquiring, and/or the like) a substrate 24
(FIGS. 6 and 7A-7B), forming (e.g., growing) a buller layer
26 (FIGS. 6 and 7A-7B) thereon, and growing a semicon-
ductor heterostructure on the bufler layer 26 as described
herein. Furthermore, the fabrication can include patterning a
surface of the substrate 24, the bufler layer 26, and/or a
semiconductor layer as described herein, the deposition and
removal of a temporary layer, such as mask layer, the
formation of one or more additional layers not shown, and/or
the like. Additionally, one or more metal layers, contacts,
and/or the like can be formed using any solution. The
heterostructure/device also can be attached to a submount
via contact pads using any solution. The fabrication of a
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device or a heterostructure can include one or more of
vartous additional acts. For example, the fabrication can
include removal of the foreign substrate and/or one or more
of the layers after growth of a heterostructure.

The patterming of a layer can be performed using any
solution. For example, the patterning can include defining a
set of regions on a top surface of the layer for etching using,
for example, photolithography to apply a photoresist defin-
ing the set of regions, or the like. The set of opemings having
a desired pattern can be formed, e.g., by etching in the set of
defined regions of the layer. Subsequently, the photoresist
can be removed from the surface. Such a process can be
repeated one or more times to form a complete pattern on the
layer. The patterning of a layer also can include applying
(e.g., depositing) a mask (e.g., silicon dioxide, a carbon
based matenial, or the like) over a second set of regions on
the top surface of the layer. When the pattern also includes
a set ol openings, the second set of regions can be entirely
distinct from the locations of the set of openings. Further-
more, as described herein, the formation of a layer can
include multiple repetitions of the patterming process. In this
case, each repetition can vary from the previous repetition 1n
one or more aspects. For example, a repetition can include
both applying a mask and forming openings on a surface,
only forming openings, only applying a mask, and/or the
like. Additionally, as described herein, the locations of the
masked and/or opening portions for a repetition can be
vertically offset from the locations of the adjacent repetition.

In an embodiment, the ivention provides a method of
designing and/or fabricating a circuit that includes one or
more of the devices designed and fabricated as described
herein. To this extent, FIG. 16 shows an illustrative flow
diagram for fabricating a circuit 1026 according to an
embodiment. Initially, a user can utilize a device design
system 1010 to generate a device design 1012 for a semi-
conductor device as described herein. The device design
1012 can comprise program code, which can be used by a
device fabrication system 1014 to generate a set of physical
devices 1016 according to the features defined by the device
design 1012. Similarly, the device design 1012 can be
provided to a circuit design system 1020 (e.g., as an avail-
able component for use 1n circuits), which a user can utilize
to generate a circuit design 1022 (e.g., by connecting one or
more inputs and outputs to various devices included 1n a
circuit). The circuit design 1022 can comprise program code
that includes a device designed as described herein. In any
event, the circuit design 1022 and/or one or more physical
devices 1016 can be provided to a circuit fabrication system
1024, which can generate a physical circuit 1026 according
to the circuit design 1022. The physical circuit 1026 can
include one or more devices 1016 designed as described
herein.

In another embodiment, the mvention provides a device
design system 1010 for designing and/or a device fabrication
system 1014 for fabricating a semiconductor device 1016 as
described herein. In this case, the system 1010, 1014 can
comprise a general purpose computing device, which 1s
programmed to implement a method of designing and/or
fabricating the semiconductor device 1016 as described
herein. Similarly, an embodiment of the invention provides
a circuit design system 1020 for designing and/or a circuit
fabrication system 1024 for fabricating a circuit 1026 that
includes at least one device 1016 designed and/or fabricated
as described herein. In this case, the system 1020, 1024 can
comprise a general purpose computing device, which 1is
programmed to implement a method of designing and/or
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tabricating the circuit 1026 including at least one semicon-
ductor device 1016 as described herein.

In still another embodiment, the invention provides a
computer program fixed in at least one computer-readable
medium, which when executed, enables a computer system
to 1implement a method of designing and/or fabricating a
semiconductor device as described herein. For example, the
computer program can enable the device design system 1010
to generate the device design 1012 as described herein. To
this extent, the computer-readable medium includes pro-
gram code, which implements some or all of a process
described herein when executed by the computer system. It
1s understood that the term “‘computer-readable medium”™
comprises one or more of any type of tangible medium of
expression, now known or later developed, from which a
stored copy of the program code can be perceived, repro-
duced, or otherwise communicated by a computing device.

In another embodiment, the invention provides a method
of providing a copy of program code, which implements
some or all of a process described herein when executed by
a computer system. In this case, a computer system can
process a copy of the program code to generate and transmut,
for reception at a second, distinct location, a set of data
signals that has one or more of 1ts characteristics set and/or
changed in such a manner as to encode a copy of the
program code i the set of data signals. Similarly, an
embodiment of the invention provides a method of acquiring
a copy ol program code that implements some or all of a
process described herein, which includes a computer system
receiving the set of data signals described herein, and
translating the set of data signals 1nto a copy of the computer
program fixed 1n at least one computer-readable medium. In
cither case, the set of data signals can be transmitted/
received using any type of communications link.

In still another embodiment, the invention provides a
method of generating a device design system 1010 for
designing and/or a device fabrication system 1014 for fab-
ricating a semiconductor device as described herein. In this
case, a computer system can be obtamned (e.g., created,
maintained, made available, etc.) and one or more compo-
nents for performing a process described herein can be
obtained (e.g., created, purchased, used, modified, etc.) and
deployed to the computer system. To this extent, the deploy-
ment can comprise one or more of: (1) istalling program
code on a computing device; (2) adding one or more
computing and/or I/O devices to the computer system; (3)
incorporating and/or modifying the computer system to
enable 1t to perform a process described herein; and/or the
like.

The foregoing description of various aspects of the mven-
tion has been presented for purposes of illustration and
description. It 1s not intended to be exhaustive or to limait the
invention to the precise form disclosed, and obviously, many
modifications and variations are possible. Such modifica-
tions and variations that may be apparent to an individual in
the art are included within the scope of the invention as
defined by the accompanying claims.

What 1s claimed 1s:

1. A heterostructure, comprising;:

a light generating structure having a first side and a second

side;

an n-type contact semiconductor layer located on the first
side of the light generating structure;

a p-type contact semiconductor layer located on the
second side of the light generating structure, wherein at
least one of the contact semiconductor layers includes
an embedded partially relaxed sublayer; and
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a dislocation blocking structure located between the par-
tially relaxed sublayer and the light generating struc-
ture, wheremn the dislocation blocking structure
includes a plurality of tensile sublayers alternating with
a plurality of compressive sublayers.

2. The heterostructure of claim 1, further comprising a
substrate formed about the light generating structure,
wherein the substrate comprises AIN.

3. The heterostructure of claim 2, further comprising a
bufler layer adjacent to the substrate, wherein the partially
relaxed sublayer 1s adjacent to one of: the bufler layer or the
substrate.

4. The heterostructure of claim 1, wherein the dislocation
blocking structure comprises an n-type dislocation blocking,

structure, and wherein the tensile stresses and compressive
stresses associated with the plurality of tensile sublayers
alternating with the plurality of compressive sublayers are
obtained through V/III molar ratio changes between the
layers.

5. The heterostructure of claim 1, further comprising a
graded compositional layer formed over the dislocation
blocking structure.

6. The heterostructure of claim 1, wherein the plurality of
tensile sublayers alternating with the plurality of compres-
sive sublayers form gradual changes 1n stress between each
compressive layer and adjacent tensile layer.

7. The heterostructure of claim 1, wherein n-type contact
semiconductor layer comprises at least one AlxGal-xN
layer.

8. The heterostructure of claim 1, wherein the n-type
contact semiconductor layer comprises a plurality of inter-
layers, wherein the plurality of interlayers include Al Ga,_
yN 1nterlayers with y>x, by at least 10%.

9. The heterostructure of claim 8, wherein the thickness of
cach interlayer 1s at most 10% of the thickness of the n-type
contact semiconductor layer.

10. The heterostructure of claim 8, wherein the plurality
ol interlayers comprises a predetermined number of inter-
layers, wherein the predetermined number of interlayers
results 1n no tensile stress within the n-type contact semi-
conductor layer.

11. The heterostructure of claim 1, wherein the partially
relaxed sublayer comprises one or more compositional
modulated regions.

12. The heterostructure of claim 1, wherein the partially
relaxed sublayer comprises a plurality of island regions that
are epitaxially grown using a three-dimensional growth.

13. The heterostructure of claim 1, further comprising an
clectron blocking structure placed between the p-type con-
tact semiconductor layer and the light generating structure.

14. The heterostructure of claim 1, wherein tensile and
compressive stresses formed by the plurality of tensile
sublayers alternating with the plurality of compressive sub-
layers 1s one of: substantially constant between periods of
the alternating sublayers or gradually changing from one
period to another period.
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15. A device, comprising;:

a substrate;

a buller layer adjacent to the substrate;

a mesa structure over the bufler layer, the mesa structure
including:

a light generating structure having a first side and a
second side, wherein the substrate 1s transparent to
light generated by the light generating structure;

an n-type contact semiconductor layer located on the
first side of the light generating structure; and

a p-type contact semiconductor layer located on the
second side of the light generating structure, wherein
at least one of the contact semiconductor layers
includes an embedded partially relaxed sublayer, and
wherein at least one of the contact semiconductor
layers 1s located between the light generating struc-
ture and the bufler layer; and

a dislocation blocking structure located between the
partially relaxed sublayer and the light generating
structure, wherein the dislocation blocking structure
includes a plurality of tensile sublayers alternating
with a plurality of compressive sublayers.

16. The device of claim 15, further comprising an electron
blocking structure located between the p-type contact semi-
conductor layer and the light generating structure.

17. The device of claim 15, wherein the mesa structure 1s
formed of group III-V materials, and wherein a lattice
mismatch 1s obtaimned by a change 1in an aluminum molar
content of the partially relaxed sublayer.

18. The device of claim 15, wherein the partially relaxed
sublayer comprises a plurality of modulated regions,
wherein the plurality of modulated regions include at least
one of: compositional modulated regions or doping modu-
lated regions.

19. The device of claim 15, wherein the disclosure block-
ing structure comprises more than one dislocation blocking
structure, wherein each dislocation blocking structure 1s
separated by at least one semiconductor layer.

20. A heterostructure, comprising:

a light generating structure having a first side and a second

side;

an n-type contact semiconductor layer located on the first
side of the light generating structure;

a p-type contact semiconductor layer located on the
second side of the light generating structure, wherein at
least one of the contact semiconductor layers includes
an embedded partially relaxed sublayer; and

a dislocation blocking structure located between the par-
tially relaxed sublayer and the light generating struc-
ture, wherein the dislocation blocking structure
includes a plurality of tensile sublayers alternating with
a plurality of compressive sublayers, wherein the plu-
rality of tensile sublayers alternating with the plurality
of compressive sublayers forms abrupt stress changes
between each compressive layer and adjacent tensile
layer.
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